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Abstract

Ž . Ž .A study of ligand N, O, F 2s to metal Mn 1s ‘interatomic’ or ‘crossover’ X-ray transitions is reported. We show that
the energy of the Kb

Y feature is related to the ligand 2s binding energy and can be used to identify the type of ligand. For
oxygen-ligated Mn compounds, the strength of the Kb

Y transition decreases exponentially with increasing Mn–O distance.
˚ YThis can be used to predict distances to ;0.1 A. The Kb energy shows shifts of ;1 eV per unit oxidation state. Kb2, 5

and Kb transitions are a promising tool for structural characterization of transition-metal complexes. q 1999 Elsevier2, 5

Science B.V. All rights reserved.

1. Introduction

A wide variety of X-ray spectroscopies require
monochromatization of both incident and emitted

w xradiation 1 . The development of extremely bright
synchrotron radiation sources, combined with the
introduction of more efficient emission spectrome-
ters, has dramatically improved the sensitivity and
quality of such experiments. This technical progress,
along with improved theoretical understanding, has
contributed to a surge of interest in X-ray fluores-

w x w xcence 2 , X-ray Raman scattering 3 , and their
resonant counterparts – resonant inelastic X-ray

w xemission or resonant X-ray scattering 4,5 . For ex-
ample, soft X-ray resonance fluorescence has been
used to monitor d–d and charge transfer excitations
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in transition-metal and rare-earth compounds such as
w x w x w x w xMnO 6 , CeO 7 , PrO 8 , and Cu-oxides 9 .2 2

Hard X-ray experiments have probed charge transfer
w x w xexcitations in NiO 10 and Nd CuO 11 and2 4

w xquadrupolar transitions in Gd 12 . For the most part,
the recent interest in X-ray emission has emphasized
its use as a probe of electronic structure. In contrast,
a large fraction of X-ray absorption experiments are

w xdevoted to unravelling molecular structure 13 .
One contribution of high-resolution X-ray fluores-

cence to molecular structure determination has been
in the area of ‘site-selective X-ray absorption spec-

w xtroscopy’ 14 . Many problems in biological and
materials science involve multiple species of a given
element, and it is often difficult to decipher which
X-ray absorption features arise from which compo-
nents. If emission features unique to a single chemi-
cal species can be identified, they can be monitored
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in a fluorescence-detected X-ray absorption measure-
ment to provide site-selectivity. In previous work,
we have demonstrated that chemical shifts in Mn

Ž . w xKb 3p™1s fluorescence are large enough 2 to1, 3

selectively record the XANES and EXAFS of differ-
w xent Mn oxidation states 14 . Spin state induced Fe

Kb shifts also allowed site selective X-ray spec-1, 3
w xtroscopy of Fe-porphyrins 15 . As part of a search

for better chemical selectivity in fluorescence spec-
tra, we have examined other parts of the Kb spectra
for a variety of Mn compounds.

Valence-to-core transitions are obvious candidates
for chemically sensitive fluorescence lines, since the
character of the valence orbitals changes the most
between different chemical species. In first-row tran-
sition-metal spectra, the highest-energy valence-to-
core transitions are generally referred to as the Kb2, 5

region. These transitions fill the metal 1s vacancy
from orbitals with metal 3d andror 4p character
along with ligand 2p or 3p character. At slightly
lower energies are weak spectral features referred to
as Kb

Y lines. For Mn complexes, previous work on
these spectral regions has been reported by Koster

w x w xand Mendel 16 , by Urch 17 , and by Mukoyama
w xand co-workers 18,19 . In the present Letter we

show that the energies of Kb
Y transitions can be

used to identify the elemental type of ligand, while
the intensities can be used to address the number and
distance of neighboring ligands. The Kb region is2, 5

shown to have large chemical shifts that can be used
to identify oxidation states and facilitate site-selec-
tive EXAFS.

2. Experimental

2.1. Samples

Ž .MnO 99.5% was obtained from AlfarAESAR,
MnF2, and KMnO were from Aldrich Chemical,4

b-MnO was from J.T. Baker, and LiMn O was2 2 4
w xw Ž .Ž 4 .xobtained from Chemetal, Et N Mn O h -L was4

prepared in the Collins lab as previously described
w x20,21 . ZnMn O was made by calcining ZnCO2 4 3

and MnCO in air, first at 9008C for 24 h and then at3

10508C for 48 h. Li MnO was prepared at Lawrence2 3

Berkeley National Laboratory by mixing Li CO2 3

and MnCO and calcining in air at 8008C. The3

compositions of ZnMn O and Li MnO sample2 4 2 3

were confirmed by X-ray powder diffraction.
Ž .Mn salen N was synthesized by Chang, Low and

w xGray at Caltech 22 .

2.2. The fluorescence spectrometer

The fluorescence spectrometer for these experi-
Ž .ments employs eight 8.9 cm diameter Si 440 ana-

lyzer crystals operating at Bragg angles close to
backscattering. Each crystal is glued to a spherically
polished glass substrate to achieve a bending radius
of 85 cm. The crystals were aligned on a Rowland
circle with respect to sample and detector, and they
captured a total solid angle of 0.07 sr. Numerous

w ximprovements compared to a previous design 23
have been accomplished. Most notably the employ-
ment of a He-filled bag that encloses the entire
emitted beam path, more and larger crystals and a
simplified scanning procedure. A detailed description

w xof the instrument is available 24 .
The energy resolution of the fluorescence spec-

trometer is mainly determined by the vertical size of
the excitation beam. A well-defined excitation beam
was obtained by placing a 1 mm vertical by 2 mm
horizontal slit in front of the samples. The resulting

Ž .energy resolution was between 0.7 eV at 6470 eV
Ž .and 1.5 eV at 6560 eV . The fluorescence intensity

was measured with a NaI detector, using a Canberra
model 1718 amplifier with 0.1 ms pulse shaping
time. This detector was shielded with lead foil to

Žreduce the background radiation primarily from
.elastic scattering . A 3=15 mm entrance slit in the

shielding allowed the fluorescence photons to reach
the detector.

2.3. Data collection

The fluorescence experiments were performed at
w x Ž .NSLS wiggler beamline X-25 25 using a Si 111

double crystal monochromator and the vertical focus-
ing mode. The samples were excited at 6700 eV with
an incident energy resolution of ;2 eV, estimated
by measuring the elastic scattering at 6470 eV. The

Ž .incident flux I was recorded with an air-filled ion0

chamber, and the spectra were corrected for changes
in I resulting from ring current decay and mono-0

chromator heating. The incident beam intensity was
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on the order of order 1012 photonsrs. The samples
were at room temperature during data collection.

The fluorescence spectra were taken in two re-
Ž .gions. Near the strong Kb peak below 6500 eV ,1, 3

the incident flux was reduced by beamline front end
slits to keep the maximum count rate below 1.2=105

photonsrs and hence assure a linear detector re-
sponse. The collection time per point was 3 s in this
region. For the weaker fluorescence features above
6500 eV, the full excitation beam intensity was used,
and the data collection time was increased to 5 s per
point. Typical step sizes were on the order of 0.2 eV,
and the total acquisition time for each spectrum was
;1 h.

3. Results and discussion

The general features of Mn K emission spectra
are illustrated in Fig. 1, using MnF data as a2

Fig. 1. K-emission spectrum of MnF2. The Ka spectrum was
simulated using the known Ka rKb integrated intensity ratio of
;7.7. The peaks Ka and Ka are a result of the spin–orbit1 2

interaction in the 2p5 core hole. The main Kb lines are split by
the 3p–3d exchange interaction into a Kb peak and a Kb

X
1, 3

Ž .feature. These are shown magnified by a factor 15 dashed line .
The much weaker Kb and Kb

Y features which are not visible2, 5
Žin the main figure are shown magnified by a factor 500 dotted

.line .

representative spectrum. The strongest emission
Ž .comes from Ka 2p™1s transitions; ;25% of the

absorbed X-rays are emitted as Ka fluorescence
w x Ž26 . The next strongest feature is the Kb 3p™1, 3
. X1s region, often accompanied by a Kb satellite.

The Ka:Kb intensity ratio is on the order of 8:1
w x19,27 . In the highest energy range appear the Kb2, 5

features, which have been assigned as transitions
from molecular orbitals with some Mn 4p character

w xand as 3d™1s quadrupole transitions 16,17,28–30 .
Intensity analysis of the Kb region is complicated2, 5

by this mix of dipole and quadrupole character.
Below the Kb region at 6513 eV appears a2, 5

peak referred to as Kb
Y. The 1s™3d threshold

energy is 6540 eV, hence the Kb
Y position indicates

that an electron with a binding energy of ;27 eV
has fallen into the core hole. This value is close to

w xthe 2s binding energy of atomic F at ;31 eV 31 .
w x w xBest 28 as well as Jones and Urch 29 have

assigned Kb
Y peaks observed in transition-metal ox-

ides as ligand 2s to metal 1s ‘interatomic’ or ‘cros-
sover’ transitions. They argue that the intensity of
these transitions comes predominantly from mixing

w x w xof metal 3p 28 or 3p and 4p 29 character with the
ligand 2s orbitals. Mukoyama et al. have used Xa

calculations to quantitatively estimate crossover in-
tensities; these calculations also suggest that most of
the strength of the transitions comes from the metal

w xcharacter of the orbitals 19 . Since a large fraction
of the electron density in the initial orbital is on the
ligand, the ‘interatomic’ label still seems appropri-
ate. To investigate these issues further, we have
examined the Kb

Y spectra for a series of Mn com-
plexes with different ligands as well as Mn–O com-
plexes with different Mn–O bond lengths.

Fig. 2 shows the Kb spectra for a variety of Mn
samples. A logarithmic scale is used to display the
wide range of intensities. The relative strengths of
the Kb and Kb

Y features above 6510 eV have1, 3
w xbeen discussed previously 2 ; they are characteristic

of the 3p–3d exchange coupling. All of the oxygen-
ligated Mn compounds exhibit Kb

Y transitions near
6520 eV. This Kb

Y transition is shifted to lower
energies for the MnF spectrum, and it is completely2

absent in the Mn metal spectrum. The energy of the
Kb feature shifts ;1 eV per increment in oxida-2, 5

Ž .tion state inset Fig. 2 . Similar shifts in Mn spectra
w xwere observed by Koster and Mendel 16 .
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Fig. 2. Logarithmic intensity plot of Kb spectra for a variety of
Mn complexes. Top to bottom: MnIIO, LiMnIII MnIVO ,4

III IV IV VII w xw VZnMn O , Li Mn O , b-Mn O , KMn O , Et N Mn -2 4 2 3 2 4 4
Ž .Ž 4 .x Ž .O h -L , Mn metal, and MnF ; inset Kb main peak ener-2 2, 5

gies as a function of Mn formal oxidation state.

To address the shifts of Kb
Y the spectra were

further processed by aligning the peaks of the Kb2, 5

lines. The remaining Kb
Y shifts should be related to

the binding energy of the active electrons, modified
slightly by any gap between filled and empty states
and offset by a term related to the width of the

Ž .Kb . The resulting spectra Fig. 3, top show a2, 5

variation of order 5 eV between adjacent Kb
Y ener-

gies for N, O, and F ligands and a total range of
;10 eV. The absolute energies increase with ligand
atomic number, as expected for progressively deeper
ligand 2s levels.

Interatomic transitions from many elemental types
of ligands should be observable. The energies at
which they occur should be a valuable diagnostic for
the composition of the first coordination sphere.
Because of the wide range of ligand 2s and 3s
binding energies, Kb

Y transitions probably have the
widest chemical shift range of any single transition-
metal X-ray line.

When the spectra of different oxygen-ligated
compounds are aligned to their Kb peak, there is2, 5

Y Žlittle variation in the oxygen Kb energies Fig. 3,
.lower part . This is in agreement with XPS data for

w x w xthe two extreme cases MnO 32 and KMnO4 33 ,

which found O 2s energies of 21.6 and 22.1 eV,
respectively. It indicates that the observed shifts in
absolute Kb

Y energy among different oxygen-ligated
Ž .samples see Fig. 2 are primarily due to changes in

the Mn 1s binding energies.
The intensities of the oxygen Kb

Y lines are ex-
Ž .tremely variable Fig. 3, lower part . The integrated

Kb
Y intensities can be normalized by the integrated

Ž .intensity of the main Kb region 6463–6505 eV
and furthermore by the number of oxygen ligands

Ž . YFig. 3. top Kb and Kb regions for samples with Mn–F,2, 5

Mn–O, and Mn–N ligation. The energy zero has been shifted to
Ž . Yput the main peak of the Kb line at 0 eV; bottom Kb and2, 5

Kb regions of Mn-oxides with different Mn oxidation states.2, 5
VII w xw VŽ .Ž 4 .x IVTop to bottom: KMn O , Et N Mn O h -L , b-Mn O ,4 4 2

LiMnIII MnIVO and ZnMnIIIO , MnII O, Li MnIVO . The intensi-4 2 4 2 3

ties are normalized to the Kb intensity in the region from 6463 to
Ž . Y6505 eV. inset Normalized intensities of Kb as a function of

Mn–O distance. The integrated normalized intensities as shown
for some compounds at the bottom are further divided by the
number of O-ligands per Mn to represent the interatomic transi-
tion probability per Mn–O pair. The solid line is the least-squares
fit using an exponential type distance dependence.
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per Mn. Assuming that the integrated intensity per
Mn of the main Kb region is chemically invariant,
this procedure yields the relative Kb

Y transition
probability per Mn–O pair. The normalized intensity
falls almost exponentially as a function of the Mn–O

Ž . Ydistance Fig. 3, inset . It is argued that the Kb

intensity derives primarily from the metal p character
w xof the initial state wave function 28,29 . In perturba-

tion theory the amount of metal p and ligand 2s
mixing will depend on the overlap of these wave
functions. Since they have exponential tails this over-
lap and hence the observed correlation between
crossover intensity and bond length should vary ex-
ponentially with distance. It appears that the intensity
of the Kb

Y line could be used as a tool to determine
˚Mn–O distances to within ;0.1 A.

4. Summary

We have studied the chemical sensitivity of the
Kb and Kb

Y spectrum for a variety of Mn com-2, 5
Ž . Ypounds. In favorable cases short bond lengths , Kb

‘crossover’ transitions from orbitals with a large
amount of N, O, and F 2s character are clearly
visible. The observed trends in fluorescence energies
are in qualitative agreement with predictions from
photo emission data, and different neighboring ele-
ments can easily be discriminated. Our study of
Mn-oxides shows an intensity variation that is expo-
nentially related to the Mn–O distance. Kb

Y spec-
troscopy, by itself or in conjunction with site-selec-
tive EXAFS, shows potential as a technique for
determination of specific ligand types and distances.
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